The aim of this work is to develop an easy-to-manufacture and highly-sensitive conductometric microsensor for indoor air quality (IAQ) monitoring. The sensing device consists on ZnO nanostructures on Pt interdigitated electrodes and a Pt heater surrounding the sensing layer, fabricated on one side of a 2.5x2.5 mm 2 alumina substrate. ZnO nanostructures are grown in-situ over the electrodes, using the Vapour-Solid (VS) approach. The samples were tested under different concentrations of benzene, formaldehyde, carbon monoxide and nitrogen dioxide, showing significant response to low concentrations of the four gases.
Introduction
Conductometric sensors using semiconductor oxides have been widely explored during the last years. The utilization of ZnO for gas sensors has a long history because of its chemical stability and sensitivity to different adsorbed gases, easiness to include additives, non-toxicity, and low cost. Systems mainly composed of ZnO have been studied as chemoresistive materials to detect gases like H 2 , NH 3 , CH 4 , ethanol or CO, among others. The gas sensor response of zinc oxide conductometric sensors has been measured under several forms such as thin films [1] [2] [3] , or nanostructures [4] [5] [6] of the material.
Nanostructures of semiconductor oxides [7] and in particular of ZnO [8, 9] have been widely researched as candidates to promote detection due to their higher surface-to-volume ratio, which may also enhance diffusion processes and lead to a faster response of the sensor. The fabrication methods reported in the literature [10] are often based on thermal evaporation and chemical vapor deposition (CVD). This way, the nanostructures are grown over a substrate so their implementation over electrodes to get a conductometric sensor is usually difficult to achieve, because it frequently requires collecting the nanostructures and then depositing them over the sensing device. Therefore, the development of simple and reproducible routes to grow nanostructures localized on electrodes, such as the proposed here, is highly interesting in the way to develop fabrication methods applicable for mass production.
On the other hand, energy consumption in buildings accounts for the 40% of the global energy consumption [11] . The air intake minimization in order to reduce ventilation costs can reduce air quality, which is currently considered a public health problem [12] . Taking into account the results of the INDEX EU project [13] , several compounds contribute to poor Indoor Air Quality (IAQ). In this paper, four of the compounds rated as first priority pollutants indoors will be tested: carbon monoxide, nitrogen dioxide, benzene and formaldehyde.
Experimental
The sensing devices are alumina chips of 2.5 mm x 2.5 mm fabricated on 0.5 mm-thick polished alumina substrates. The heater and the sensing element are Pt thin films patterned on the same side of the chip, and the heater surrounds the sensing area, which is a 0.5 mm x 0.5 mm square over the interdigitated electrodes. The heater and the interdigitated electrodes are 200 nm thick and were fabricated by DC sputtering in an Edwards ESM 100 system and shaped by lift-off process. The layout of the chip is described in [14] .
Zinc layers were grown by sputtering and subsequently the Vapour Solid (VS) technique was used to get ZnO nanostructures in situ over the Pt electrodes, using a controlled oxygen flow. Zn was deposited by DC sputtering (Pfeiffer-Iontech classic 500) using a 4 diameter Zn target. Then, the samples were introduced in a tube furnace (PEO 601 from ATV) for annealing. As temperature is increased in nitrogen atmosphere, the zinc film is melted and evaporated. Then, the temperature is kept constant at the maximum for 2 hours and then it is decreased again in nitrogen. During the time oxygen enters the furnace at a low concentration, the zinc particles are oxidized forming ZnO nanoparticles and when the temperature decreases, these are deposited on the alumina substrate. Thus, nanostructures with different shapes can be obtained, as Fig. 1 summarizes. Key parameters have been varied during the annealing treatment to study their influence on the NW growth: annealing temperature was changed from 500 to 700ºC, oxygen flow was varied between 55 and 220 sccm in a nitrogen flow of 2900 sccm and different thicknesses of Zn from 1 μm to 3.4 μm were deposited. Once the optimum values of these parameters were determined the NWs were grown over the electrodes.
The crystalline structure of the ZnO has been characterized by X-Ray diffraction using a Philips XPERT MRD diffractometer (Cu Ka1λ= 1.54059 Å). Additionally, a field emission gun scanning electron microscope (JEOL model JSM-7000F) has been used to analyze their morphology and microstructure.
The electrical response characterization of the sensors is carried out inside a sealed stainless steel chamber. The gas mixture in the chamber is obtained by using a system consisting of a PC-controlled mass flow controllers (MFCs) Bronkhorst Hi-Tech. GPIB communication between the computer and the MFCs control unit and Keithley Multimeters is automatically operated by Labview© for data acquisition.
Results and discussion

Structural characterization results
Depending on the Zn layer thickness, the oxygen concentration, the annealing temperature, and the substrate, different structures were obtained in-situ over the electrodes by VS technique, as can be observed in the SEM micrographs in Fig. 2 . Two different morphologies were obtained first on plain alumina substrates of 2 cm 2 and then were reproduced on Pt electrodes over alumina covering an area of 0.25 mm 2 . Scanning Electron Microscope was used to analyze the sensing layers' morphology on both substrates. Depending on the ZnO growth conditions, nanobead-chain shape and nanoneedle shape structures were obtained. The growth conditions used for each substrate are summarized in Table 1 . As a general conclusion, thicker films are needed to get similar structures on Pt electrodes. This may be due not only to the need to cover the Pt step of 200 nm, but also to the necessity of a greater amount of Zn, as the area used on Pt electrodes is smaller than the area used on plain alumina. The need to increase temperature to get nanoneedles on Pt electrodes can also be caused by the greater thickness of material that needs to be evaporated in this case.
Both nanostructures' structural morphology has been studied using X-Ray diffraction. As can be observed in Fig.3 , both nanostructures present a hexagonal ZnO structure [9] , which is the structure of the mineral called zincite (peaks 1 to 11 in the graph). The absence of Zn peaks reveals that the zinc layer has been completely oxidized during the annealing process. 
Electrical characterization results
Both types of nanostructures were exposed to the four target gases, reaching ppb levels for benzene, formaldehyde and nitrogen dioxide. Here the ZnO nanoneedles response at different temperatures is reported ( Fig.  4-left) .
The sensor response to benzene at temperatures between 235•C and 320•C was studied. It was found that the optimal temperature for both the sensor response and response and recovery times is 310•C. At this temperature the sensor exhibits a change of 36.1% to 5ppm of benzene, a response time of 4 minutes and a recovery time of 2.5 minutes. It is also observed that at temperatures lower than 280•C the sensor needs a longer time to respond to the target gas and also to recover the baseline. At 235•C , the sensor seems not to be reacting with the gas.
The same experiment for 5 ppm of formaldehyde was repeated in the same range of temperatures. The maximum response and the best response and recovery times are achieved working at 310•C (as for benzene) and the obtained values are 24.8% for the response, 1 minute and 30 seconds for the response and recovery times respectively. It is also observed that the sensor does not react correctly at temperatures lower than 265•C.
Regarding nitrogen dioxide, it was tested in the same temperature range and using the same concentration of 5 ppm. In this case, the maximum response was obtained at 195•C, the lowest temperature in the measured range. Even having the maximum response at 195•C, the sensor needs more time to react with the target gas and recover its baseline resistance value. When temperature is increased, the response value decreases but the reaction and recovery are faster.
Finally, the sensor was exposed to 30 ppm pulses of carbon monoxide working between 165 and 330•C. The graph also shows that the sensor exhibits the highest response and the shortest response and recovery times at 330•C. As a summary, the optimal temperature for NO 2 detection is 195•C, while for formaldehyde and benzene is 310•C. At 310•C the sensor shows a change in resistance of 36.1%, 24.8% and 604% for benzene, formaldehyde and NO 2 respectively. In Figure 4 -right, the sensor sensitivity curves within the tested ranges at each sensors' optimal temperature are shown.
Finally, Figure 6 shows the dynamic responses for the four target gases at the optimum working temperatures. The lowest detection limits achieved for these gases are 100 ppb for the benzene and formaldehyde, 50 ppb for nitrogen dioxide and 10 ppm for carbon monoxide, as low as the OSHA required action levels for IAQ. Fig. 5 . Sensor dynamic response to pulses of 10, 5, 1, 0.5, 0.1 and 0.05 ppm of benzene, formaldehyde and nitrogen dioxide and 70, 50, 30 and 10 ppm of carbon monoxide working at its optimal temperature for each target.
Conclusions
ZnO nanoneedle based sensors show a sensitivity of 6.85%/ppm to benzene, 3.85%/ppm to formaldehyde, 46.14%/ppm to nitrogen dioxide and 0.3%/ppm to carbon monoxide at operating temperatures of 310, 310, 240 and 330•C respectively. Detection limits below the OSHA actuation levels were reached: 100 ppb for benzene and formaldehyde, 50 ppb for nitrogen dioxide and below 10 ppm for carbon monoxide. Sensor response times (t 90 ) of 2 minutes for benzene, 8 minutes for formadeldehyde, 1 minute for NO 2 and carbon monoxide were measured for PELs. The results show that the developed material is susceptible to be used as gas sensor for indoor air quality. Table 2 summarizes the sensing properties of the nanoneedle-based sensor for each gas. 
